This study was conducted to examine the antioxidative and neuroprotective effects of Paeonia lactiflora pall (PLE). Total phenolic content of PLE was 89.65 mg of gallic acid equivalent per gram of PLE. IC 50 values for reducing power, hydrogen peroxide scavenging activity, and 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity were 297.57, 3.33, and 32.74 g, respectively. The protective effect of PLE against H 2 O 2 -induced oxidative damage to PC12 cells was investigated by an 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) reduction assay and lactate dehydrogenase (LDH) release assay. After 2 h of cell exposure to 0.5 mM H 2 O 2 , a marked reduction in cell survival was observed. However, this reduction was significantly prevented by 10-100 g/ml of PLE. H 2 O 2 also induced severe apoptosis of the PC12 cells, which was indicated by a flow cytometric analysis. Interestingly, the H 2 O 2 -stressed PC12 cells that had been incubated with PLE had greatly suppressed apoptosis. The results suggest that PLE could be a candidate for a new antioxidant against neuronal diseases.
Oxygen is an essential molecule for the survival of most living organisms. All parts of the body use oxygen to produce energy. 1) However, oxygen is also potentially dangerous in the form of oxidative stress, when the cell is subject to an imbalance between the cellular production of free radical species and its ability to eliminate them by employing endogenous antioxidant defence mechanisms.
2) Oxidative stress is mediated by excess reactive oxygen species (ROS) which include the hydroxyl radical; the superoxide anion and hydrogen peroxide can lead to the destruction of cellular components, including lipids, protein and DNA, and ultimately to cell death via apoptosis or necrosis, especially in organs such as the brain.
3) The brain is believed to be particularly vulnerable to the damaging affects of ROS due to its high metabolic rate and relatively low capacity for cellular regeneration when compared to other organs. 4, 5) Moreover, the brain has been shown to contain low to moderate levels of such enzymes as catalase and superoxide dismutase which play important roles in the metabolism of ROS. 6) In this manner, oxidative stress has long been linked to neuronal cell death that is associated with certain neurodegenerative conditions. 7) There is currently no certain cure for neurodegenerative diseases. Many synthetic chemicals such as phenolic compounds have been proven to be strong radical scavengers, but they usually have some severe adverse effects. 8) Therefore, most available therapies focus only on the symptomatic treatment. Many researchers in the neurodegenerative field are concentrating on modulating or emulating the protective effects of the key enzymatic components that regulate oxidative stress, with the aim of developing rational drug or genetic therapies. 9) Attention has recently been focused on searching for natural substances with neuroprotective potential that can scavenge free radicals and protect cells from oxidative damage.
We have screened 435 varieties of herbal medicines, and determined that Paeonia lactiflora pall (PL) exerted a neuroprotective effect against oxidative stress-induced cell death in PC12 cells. PL is used in many traditional prescriptions in China and Korea; for example, it is commonly used in nourishing the blood, activating circulation, alleviating pain, regulating menstruation, and treating liver disease and cancer. 10) However, the neuroprotective effects of PL have not previously been assessed.
The purpose of this present study was to determine the antioxidative activity of PL and its properties as a free radical scavenger, as well as to assess its possible protective effects against oxidative stress on neurons. Preparation of a methanolic extract from Paeonia lactiflora pall. Five g of Paeonia lactiflora pall (PL) was extracted with 100 ml of methanol for 3 d at room temperature and then passed through Whatman No. 1 filter paper (Advantec, Tokyo, Japan). The methanol solvent was then removed by evaporation, and the dried methanol extract was obtained. Hereafter, for simplicity, the methanol extract from PL is denoted as PLE. PLE was then dissolved in dimethyl sulfoxide (DMSO) with concentration of 10 mg/ml for the experiments.
Materials and Methods

Materials
Total phenolic content (TPC). The total phenolic content (TPC) of PLE was determined according to the method of Gutfinger.
11) PLE (1 ml) was mixed with 1 ml of 2% Na 2 CO 3 . After 3 min, 0.2 ml of the 50% FolinCiocalteu reagent was added. After standing for 30 min the mixture was centrifuged at 13;400 Â g for 5 min. The absorbance of the supernatant was measured with a spectrophotometer (Shimadzu UV-1601, Tokyo, Japan) at 750 nm. TPC is expressed as the gallic acid equivalent.
Reducing power. The reducing power of PLE was determined according to the method of Oyaizu.
12) PLE (1 ml, 1 mg/ml), a phosphate buffer (1 ml, 0.2 M, pH 6.6) and potassium ferricyanide (1 ml, 10 mg/ml) were mixed and incubated at 50 C for 20 min. Trichloroacetic acid (1 ml, 100 mg/ml) was added to the mixture which was centrifuged at 13;400 Â g for 5 min. The supernatant (1 ml) was mixed with distilled water (1 ml) and ferric chloride (0.1 ml, 1 mg/ml), and the absorbance was then measured at 700 nm. Higher absorbance indicates greater reducing power.
Hydrogen peroxide scavenging activity. The hydrogen peroxide scavenging activity was determined in an ABTS-peroxidase medium according to the method of Muller.
13) PLE (1 ml, 1 mg/ml), a potassium phosphate buffer (0.1 ml, 0.1 M, pH 5.0) and hydrogen peroxide (20 ml, 10 mM) were mixed and incubated at 37 C for 5 min. After this preincubation, ABTS (30 ml, 1.25 mM, in a 0.05 M phosphate-citrate buffer at pH 5.0) and peroxidase (30 ml, 1 unit/ml) were added to the mixture which was then incubated at 37 C for 10 min. The absorbance level was obtained with an enzyme-linked immunosorbent assay (ELISA) reader (Sunrise RC/ TS/TS Color-TC/TW/BC/6Filter; Tecan, Austria) at 405 nm.
DPPH radical scavenging activity. The DPPH radical scavenging activity of PLE was estimated according to the method of Blois.
14) After mixing 0.1 ml of PLE with 0.9 ml of 0.041 mM DPPH in ethanol for 10 min, the absorbance of the sample was measured at 517 nm. The radical scavenging activity is expressed as a percentage according to the following formula:
DPPH radical scavenging activity
Cell culture and treatment. Rat pheochromocytoma PC12 cells line were maintained in DMEM supplemented with 10% fetal bovine serum (FBS), 5% horse serum (HS), 100 U/ml of penicillin, 100 mg/ml of streptomycin and 3.7 g/ml of NaHCO 3 . PC12 cells were cultured at 37 C in a humidified atmosphere containing 5% CO 2 . In all experiments, the cells were treated with PLE before being treated with H 2 O 2 for the indicated times. PLE was dissolved in DMSO and added to the culture medium so that the final concentration of DMSO was less than 1%.
Observation of morphologic changes. PC12 cells were seeded at 2 Â 10 5 cells/well in a 6-well plate and incubated overnight in a humidified atmosphere of 5% CO 2 in air at 37 C. The cells were pretreated with various concentrations of PLE. After incubating for 30 min, the cells were treated with 0.5 mM of H 2 O 2 for 2 h. The cellular morphology was observed by using a phase-contrast microscope (Nikon, Japan).
MTT reduction assay for cell viability. Cell viability was measured with blue formazan that had been metabolized from colorless 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) by mitochondrial dehydrogenases which are only active in live cells. PC12 cells were preincubated in 96-well plates at a density of 1 Â 10 5 cells/ml for 24 h. The cells with various concentrations of PLE were treated with H 2 O 2 for 2 h. After incubating, an MTT reagent (5 mg/ml) was added to each of the wells, and the plate was incubated for about 2 h more at 37 C. The intracellular formazan product was dissolved in 100 ml of DMSO. The absorbance of each well was then measured at 540 nm with an ELISA reader (model 680, BioRad, USA), and the percentage viability was calculated.
Lactate dehydrogenase (LDH) release assay. The cytotoxicity was determined by measuring the release of LDH. PC12 cells with various concentrations of PLE were treated with H 2 O 2 for 2 h, and the supernatant was used to assay the LDH activity. The reaction was initiated by mixing 50 ml of the cell-free supernatant with a potassium phosphate buffer containing nicotinamide adenine dinucleotide (NADH) and sodium pyruvate to a final volume of 100 ml in a 96-well plate. The absorbance of the sample was read at 490 nm. Data were normalized to the activity of LDH released from vehicle-treated cells (100%) and are expressed as a percentage of the control value (obtained from separately plating).
Nuclear staining for assessing apoptosis. Chromosomal condensation and morphological changes in the nucleus were observed by using the chromatin dye, Hoechst 33342 (Sigma, MO, USA). PC12 cells were washed twice with phosphate-buffered saline (PBS) and then fixed in PBS containing 10% formaldehyde for 4 h at room temperature. After being twice rinsed with PBS, the cells were stained with Hoechst 33342 for 30 min at room temperature. The cells were then washed twice more with PBS, and the Hoechst-stained nuclei were visualized by using a fluorescence microscope (Nikon, Japan).
Flow cytometric detection of apoptotic cells.
A flow cytometric analysis of the cellular DNA content was performed as described previously. 15) Briefly, PC12 cells were harvested and fixed with ice-cold 70% ethanol. The fixed cells were stained with 50 mg/ml of propidium iodide at room temperature in the dark for 30 min. The apoptotic cells (mean value with a 95% confidence interval from triplicate determinations) were measured with an FACS caliber flow cytometer (Becton Dickinson).
Statistical analysis. All measurements were done in triplicate. The analysis of variance for TPC and the antioxidative activity were conducted by the procedure for the General Linear Model by using SAS software. The data for the neuroprotective activity were analyzed by using the SPSS package for Windows (version 11.5; SPSS, Chicago, IL, USA), and evaluated by a one-way analysis of variance (ANOVA) followed by Scheffe's test. A P-value of less than 0.05 is considered as significant.
Results
Antioxidative activity of PLE The phenolic compounds in plants play a primary or synergistic antioxidative role by their ability to donate hydrogen atoms or electrons. 16, 17) TPC of PLE is shown in Table 1 . At a concentration of 10 mg/ml (PLE/ DMSO), 89.65 mg of gallic acid equivalent (GAE) per gram of phenolic contents was determined. Li et al. have reported that an 80% methanol extract of PL showed 26:75 AE 0:65 mg GAE/g. The cultivating conditions and extraction solvent might affect TPC of an extract from PL. 18) The antioxidative activity of PLE was evaluated by its reducing power, hydrogen peroxide scavenging activity, and DPPH radical scavenging activity (Table 1 ). In respect of the reducing power, the presence of reducers (i.e., antioxidants) causes a reduction of the Fe 3þ / ferricyanide complex to the ferrous form. Therefore, the resulting Fe 2þ detected by a spectrophotometer can be an indicator of reducing power. The PLE concentration resulting in an 0.5 absorbance is designated as IC 50 , the value for PLE being 297.57 mg, while that for vitamin C (positive control) was 27.86 mg. It is reasonable for a pure antioxidative compound (vitamin C) to show more than 10 times more reducing power than a crude plant extract (PLE).
Hydrogen peroxide (H 2 O 2 ) is one of the reactive oxygen species. The H 2 O 2 scavenging activity was determined as a measure of the antioxidative activity of PLE. The IC 50 of PLE was 3.33 mg, and that of vitamin C was 0.47 mg. Radical scavengers are evaluated by their reactivity towards the stable free radical, DPPH. DPPH is a radical in which there is an unpaired/odd electron located on one of the nitrogen atoms. IC 50 of PLE for the DPPH radical scavenging activity (RSA) was 32.74 mg, and that of vitamin C was 4.47 mg.
The foregoing results indicate that PLE showed significant antioxidative activity. The antioxidative activities evaluated by several methods have been attributed to such mechanisms as the prevention of chain initiation, binding of transition metal ion catalysts, decomposition of peroxides, prevention of continued hydrogen abstraction, and radical scavenging. 19) The antioxidative activity of a plant extract is highly related to its polyphenol content and structure. 20) Lee et al. have identified gallic acid and methyl gallate as the main antioxidative constituents in PL. 21) Although PLE showed lower antioxidative activity than the pure antioxidant, vitamin C, the significant antioxidative effect of PLE could be due to the synergistic effects of various phenolic compounds including gallic acid and methyl gallate.
PLE protects PC12 cells against H 2 O 2 -induced cytotoxicity
To characterize the effects of PLE on cell viability in The morphological alteration was assessed by phasecontrast microscopy. The control group showed round cell bodies with clear edges and a fine dendritic network. However, incubation with 0.5 mM H 2 O 2 for 2 h decreased the number of viable cells, and induced shrinkage of the cell bodies and disruption of the dendritic networks. In contrast, PLE significantly alleviated these morphological manifestations of cell damage, indicating that PLE offered protection to the H 2 O 2 -stressed PC12 cells (Fig. 1) .
We next examined the effects of PLE on H 2 O 2 -stressed PC12 cells by measuring the MTT reduction. As shown in Fig. 2A , incubation with 0.5 mM H 2 O 2 for 2 h resulted in a cell viability rate of 45.3% compared to the control. However, by pretreating the cells with various concentrations of PLE, the cell viability was increased by 5-30% compared to the viability of the H 2 O 2 -stressed PC12 cells. To further investigate the protective effects of PLE, we performed an LDH release assay, another indicator of cytotoxicity. Here, the PC12 cells were exposed to various concentrations of PLE and H 2 O 2 for 2 h. As expected, PLE reduced the cell damage in a dose-dependent manner, this being evident by a 5-40% decrease in LDH release from the H 2 O 2 -stressed PC12 cells (Fig. 2B) .
PLE offered almost complete protection against H 2 O 2 -induced cell death, and the viability was restored nearly to the control level. Taken together, these results allow us to conclude that PLE was effective for the protection and viability of PC12 cells.
PLE suppresses H 2 O 2 -induced apoptosis in PC12 cells
To determine whether the cell protection by PLE was due to the inhibition of apoptosis, the PC12 cells were treated with H 2 O 2 and various concentrations of PLE. The cells stained with Hoechst 33342 revealed marked chromatin condensation and apoptotic body formation when examined by a fluorescence microscope. Hoechst 33342 staining also revealed that the H 2 O 2 -stressed PC12 cells exhibited a highly condensed and fragmented nuclei morphology and nuclei shrinkage, these being typical characteristics of apoptosis. In contrast, pretreat- ment with 50 or 100 mg/ml of PLE prevented these H 2 O 2 -induced nuclei morphological alterations, and the number of cells with nuclear condensation and fragmentation was significantly decreased (Fig. 3) .
To examine the functions on apoptosis, we used a flow cytometric analysis after PI staining of the cells to evaluate the affects of H 2 O 2 on PC12 cell apoptosis. The apoptotic cells were distributed according to the cell cycle phase by showing a sub-G1 DNA content. The amount of apoptotic cells measured in the sub-G1 phase were approximately 10-fold greater for the H 2 O 2 -treated PC12 cells than for the control. However, by pretreating the cells with 50 and 100 mg/ml of PLE, the percentage of cells in the sub-G1 phase was decreased 7.6% and 4.7%, respectively (Fig. 4) .
These results demonstrate that PLE protected the PC12 cells from oxidative stress.
Discussion
Oxidative stress-induced cell damage has long been implicated in the physiological process of aging as well as in a variety of neurodegenerative disorders. It is mediated by reactive oxygen species (ROS) which are generated as byproducts of normal and irregular metabolic processes that utilize molecular oxygen. The excessive production of ROS in living systems is responsible for extensive damage to membrane lipids, proteins, and other biomolecules. Thus, the removal of excess ROS, or suppression of their generation by antioxidants, may be effective in preventing oxidative cell death. Considerable research has been done to search for natural substances that have neuroprotective potential. Halliwell et al. have reported that oxidative stress was implicated as a major cause of cellular damage and subsequent cell death, including neurodegenerative disorders. 22) In this present study, we explored mitigating H 2 O 2 -induced apoptotic cell death via oxidative stress in cultured PC12 cell, by applying a methanolic extract of Paeonia lactiflora pall (PLE). Our data verify that H 2 O 2 induced significant cell injury, as indicated by morphological observation. Interestingly, the PC12 cells that had been incubated with PLE and 0.5 mM H 2 O 2 had greatly reduced cell death. In agreement with these findings, we also found that H 2 O 2 decreased the cell viability, and that its cytotoxic effects were attenuated in the presence of PLE in the PC12 cells. These results indicate that PLE provided significant protection to the PC12 cells from H 2 O 2 -induced cytotoxicity.
Oxidative stress can cause cell death via apoptosis in many cell types, and such an effect can be blocked or delayed by a wide variety of antioxidants. 23 25) Furthermore, our investigations using a flow cytometric analysis showed the effects of PLE on H 2 O 2 -induced apoptosis. When the cells were exposed to H 2 O 2 , there was a distinct increase in the percentage of cells with a sub-G1 DNA content which is representative of programmed cell death. However, PLE significantly reduced the apoptotic cell characteristics. We therefore propose that PLE protected the cells from H 2 O 2 -induced apoptosis.
In summary, PLE could ameliorate H 2 O 2 -induced oxidative stress and apoptosis in PC12 cells. Additionally, we have provided evidence for the potential therapeutic benefit that PLE could offer in the treatment of neuropathological conditions.
